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and operation conditions (including: SOC state, charge and discharge rate, and practical operation 
condition), and finally arrives at the conclusions as follows: the average thermal power of 55 Ah lithium- 
ion battery monomer decreases along with environment temperature rising, SOC state decreasing and 
charge and discharge rate falling; the maximum temperature rising and temperature difference of 
Keywords: battery pack are not only relevant to the flow rate, but also related to the airflow duct structure, the 
Battery pack battery pack with air-inlets on both sides is more conducive to the forced air cooling; the flow rate of 
Operation condition battery pack at 70% SOC state is maximum, the maximum temperature rising and temperature difference 
Thermal power 3 sh 7 ; 
Heat dissipation performance of battery pack at 70% SOC state are minimum, and that of 90% SOC state are maximum; the flow rate and 
SOC state the average pressure drop between air-inlet and air-outlet both decrease along with charge and 
Charge and discharge rate discharge rate increasing, but the maximum temperature rising and temperature difference of battery 
pack increase; as considering the practical operation condition of battery pack, the charge and discharge 
rate is between 0.5C and 0.8C, and the maximum temperature rising and maximum temperature 
difference of battery pack are 7.61°C and 4.29°C. Then the reference basis for heat flow field 
characteristic analysis and structure design of battery pack are offered. 

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 


Today the vehicle manufacturers are forced to shift their 
attention to green energy power and clean vehicles [1-8]. Pure 
electric vehicle (EV), hybrid electric vehicle (HEV) and fuel cell 
electric vehicle (FCEV) are more energy efficient and cleaner than 
conventional vehicle [9-17]. Battery pack is the power source of 
electric vehicle, and it generates much heat during rapid charge 
and discharge cycles at high current levels, such as during quick 
acceleration, with various chemical and electrochemical reactions 
[18-23]. Thus thermal behavior and heat transfer within the 
battery pack attract more attention [24-28], a well-designed 
cooling system is an essential part in the battery pack to safely 
maintain the battery temperature under the required conditions 
[29-32]. 

Cooling methods of battery pack including: air cooling [33-35], 
liquid cooling [36-38], and PCM cooling [39-41], and the air 
cooling divides into nature air cooling and forced air cooling. 
Considering the cost and space limitation, the forced air cooling is 
widely used as the cooling method of battery pack at home and 
abroad [42-44], many researchers have carried out the related 
work: for battery pack arrangement, Takaki [45] separated the 
forced air cooling into serial airflow and parallel airflow; the 
forced air cooling system developed by Toyota corporation was 
the most representative, and the relevant patents were applied [46]; 
Pan [47] researched the heat dissipation performance of Hybrid- 
Electric vehicle battery pack by software STAR-CD and ANSYS, 
and validated by experiments; Fu [48] researched the thermal 
management system of Ni-MH battery pack; Zhu [49] researched 
the thermal management system of electric vehicle battery pack, 
and analyzed the cooling system structure design of Toyota RAV-4 
electric vehicle; when the speed of electric vehicle was constant, 
Liu [50] researched the temperature field of lithium-ion battery 
pack based on natural air cooling by simulation and experiment. 
In addition, there are many forced air cooling system of battery 
pack developed by researchers and manufacturers [51-53], in 
order to improve the temperature distribution uniformity of 
battery module. 

The authors have taken some studies on cooling system design 
of electric vehicle, including: nature air cooling [54-58] (Fig. 1(a) 
shows the temperature field distribution of electric vehicle basing 
on the nature air cooling ), forced air cooling [59] (Fig. 1(b) shows 
the temperature field distribution of battery pack basing on the 
forced air cooling), and liquid cooling [58,60] (Fig. 1(c) shows the 
liquid cooling system of battery module), and then contribute a 
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Fig. 1. Some studies on cooling system design of electric vehicle have been taken 
by the authors. (a) Temperature field distribution of electric vehicle basing on the 
nature air cooling. (b) Temperature field distribution of battery pack basing on the 
forced air cooling. (c) Liquid cooling system of battery module. 
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Nomenclature 

Q calorific value 

Cp specific heat capacity 
m quality 

AT temperature rising 

P thermal power 

t time 


velocity vector 
pressure 
density 
viscosity coefficient 
total energy 
, v and w the velocities of x, yand z direction 
thermal conductivity coefficient 


Me mE 


little bit on key technology of electric vehicle for heat dissipation 
performance analysis. 

This paper selects the battery pack as the study object (it has a 
total of 48 batteries, and includes 4 battery modules with 
2 parallels and 6 series), and researches on the heat dissipation 
performance of battery pack with different structures and opera- 
tion conditions, in order to offer a reference basis for heat flow 
field characteristic analysis and structure design. 

It is organized as follows: Section 1 explains the thermal power 
determination test of 55Ah lithium-ion battery monomer on 
charge and discharge processing. Section 2 describes the thermal 
calculation method and heat dissipation performance indexes. 
Then, the content of heat flow field analysis with different 
structures will be explained in Section 3. Finally, Section 4 high- 
lights the heat flow field analysis with different operation condi- 
tions and is followed by conclusions in Section 5. 


2. Thermal power determination test of 55 Ah lithium-ion 
battery monomer on charge and discharge processing 


Lead-acid battery [61-63], nickel-zinc battery [63], and 
lithium-ion battery [63-64] are used as the power source of 
electric vehicle, now lithium-ion battery is as the main method 
of power source for electric vehicle [65-67]. 

Some researchers have studied the electrochemical properties 
[68-74] and thermal characteristics of lithium-ion battery: Pesaran 
[75] found that the best range of operating temperature for lithium- 
ion battery was between 25 °C and 40 °C; Bernardi [76] described 
the general energy balance for battery systems by assuming uni- 
form temperature throughout the cell; Doyle [77] developed micro- 
scale model for the behavior of lithium/polymer/insertion cell under 
the isotropic condition; Chen [78], Newman [79], Pals [80], Doyle 
[81], Thomas [82] presented mathematical model focusing on the 
thermal management; Chen [83] examined the heat transfer within 
batteries using two-dimensional transient heat conduction analysis 
of the battery stack, with convective heat transfer at the battery 
boundaries; Srinivasan [84] studied electrochemical and thermal 
behavior of Li-ion cells employing two-dimensional unit layer. 

This paper uses the heat insulation test to obtain the thermal 
power of battery monomer on charge and discharge processing for 
the heat source setting on simulation calculation. 


Table 1 
Thermal physical parameters of 55 Ah lithium-ion battery monomer. 


Battery Density Thermal Specific heat 

component (kg/m?) conductivity capacity (J/kg K) 
coefficient (W/m K) 

Electric core 2123 30.6 913 

Positive pole 2719 202.4 871 

Negative pole 8978 387.6 381 

Diaphragm 1008 0.3344 1978 

Shell 8193 14.7 439.3 


2.1. Thermal physical parameters of 55 A h lithium-ion battery 
monomer 


Table1 shows the thermal physical parameters of 55 Ah 
lithium-ion battery monomer: the density of electric core is 
2123 kg/m?, the thermal conductivity coefficient is 30.6 W/m K, 
and the specific heat capacity is 913 J/kg K. 


2.2. Thermal power determination test of 55 A h lithium-ion battery 
monomer on charge and discharge processing 


Fig. 2 shows the arrangement of temperature measuring point 
and the design of thermal insulation with 55 Ah lithium-ion 
battery monomer, including 2 measuring points on bottom and 
3 measuring points on side wall, heat insulation box has three 
layers of insulating material surround, in order to ensure good 
thermal insulation performance. 

Fig. 3 shows the main test equipments, it uses CHALLENGE 
600E to control the environment temperature of battery mono- 
mer, and the temperature range is 0-150 °C; it uses Digatron EVT 
250-750-2*80 kW IGBT to charge and discharge for battery 
monomer, and the maximum current is 250A; it uses Agilent 
34970A to monitor the temperature of battery monomer, and the 
accuracy reaches 0.001 °C. 

Calorific value could be expressed as 


Q = cpmAT (1) 
where Q is the calorific value; cpis the specific heat capacity; m 


is the quality; AT is the temperature rising. 
So it can be derived that 


_ CpmAT 
BE 


P (2) 
where P is the thermal power; t is the time. 

Constant temperature box is set to suitable temperature, the 
experimental processing is as follow: firstly, setting a certain charge 
rate up to 3.65 V; secondly, turning to constant-voltage charge, until 
0.05 C cutoff; thirdly, setting this discharge rate down to 2.50 V. 

When the environment temperature is 27 °C, and the charge 
and discharge rate is 1C, Fig. 4 shows the temperature change 
curves of every measuring point at 100% SOC state, it could be seen 
that these temperature change curves approach each other, this 
means that the internal temperature of battery monomer is 
uniformity with thermal insulation environment. Therefore, for 
calculating the temperature rising of battery monomer, it just 
considers the average temperature rising of every measuring point. 

When the environment temperature is 27 °C, and the charge 
and discharge rate is 1C, Fig. 5 shows the average temperature 
curve of 55 Ah lithium-ion battery monomer at 100% SOC state, 
combining with thermal physical parameters of 55 A h lithium-ion 
battery monomer, it could be obtained the thermal power on 
charge and discharge processing. As could be seen from Table 2, 
the average thermal power of 55 A h lithium-ion battery monomer 
is 6.51 W at 20°C, 5.36W at 27°C, and 4.66 W at 40°C, it is 
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Fig. 2. The arrangement of temperature measuring point and the design of thermal insulation with 55 Ah lithium-ion battery monomer. (a) Temperature measuring point. 
(b) Heat insulation box. 


b 


O) 
A 


Fig. 3. Main test equipments. (a) CHALLENGE 600E (b) Agilent 34970A. (c) Digatron EVT 250-750-2*80kW IGBT. 
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Fig. 4. When the environment temperature is 27 °C, and the charge and discharge 
rate is 1 C, the temperature change curves of every measuring point at 100% SOC 
state. (a) Charge processing. (b) Discharge processing. 
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Fig. 5. When the environment temperature is 27 °C, the average temperature curve 
of 55Ah lithium-ion battery monomer on charge and discharge processing. 
(a) Charge processing. (b) Discharge processing. 


Table 2 
At different environment temperatures, the thermal power of 55 Ah lithium-ion 
battery monomer on charge and discharge processing (W). 

Temperature Average thermal 


Average thermal Average thermal 


(°C) power on charge power on power on charge and 
processing discharge discharge processing 
processing 
20 5.42 7.60 6.51 
27 4.36 6.35 5.36 


40 3.56 5.76 4.66 


obvious that the average thermal power of 55 Ah lithium-ion 
battery monomer decreasing along with environment tempera- 
ture rising. As considering that the constant temperature box is 
not completely insulated, therefore, the measured average tem- 
perature rising of battery monomer is less than the temperature 
rising of actual thermal insulation; so the calculation value of 
thermal power is also slightly lower than the actual value. 


3. Thermal calculation method and heat dissipation 
performance indexes 


There are many methods to analyze the battery thermal 
behavior, in which experimental and numerical simulation are 
the most popular. Computational fluid dynamics (CFD) [85-86] 
and finite element methods (FEM) [87-88] are recommended for 
the investigation of the thermal systems. 

Many thermal models are developed to describe temperature 
profiles and time evolution of temperature: Kim [89] formulated a 
three-dimensional thermal abuse model for lithium-ion battery; 
Catherino [90] performed a model to attempt studying the thermal 
runaway effect in lead-acid battery; Smith [91] used a complex 
one-dimensional thermal mathematical model with lumped para- 
meters; Guo [92] also developed a three-dimensional thermal 
model for analyzing the temperature distribution of lithium-ion 
battery; Inui [93] simulated two-dimensional and three-dimensional 
temperature distributions in cylindrical and prismatic lithium-ion 
battery; Lee [94] used a three-dimensional model to investigate the 
effects of operating and ambient conditions on the thermal behavior 
furthered their study on a 42-V automotive electrical system; Chen 
[95] developed a detailed three-dimensional thermal model to 
examine the thermal behavior of lithium-ion battery; Wu [96] used 
a two-dimensional, transient heat-transfer model to simulate the 
temperature distribution. 

This paper uses FloEFD as the CFD software to calculate the 
heat flow field data of battery pack basing on forced air cooling. 


3.1. Mathematical model 


Normally, the maximum velocity of airflow in battery pack is 
less than 400 km/h, it means less than 1/3 sound velocity, so the 
airflow in battery pack could be considered in incompressible flow, 
and the physical parameters of airflow are constant number. 
Combining with the phenomenon of air separation by complex 
structure of battery pack, it should be considered to the turbulent 
processing. The control equations are as follows: 

Continuity equation 


vv=0 (3) 


Momentum conservation equation 


Wy = Oy hye (4) 
at P P 
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Energy conservation equation 


o (FE uE y yOE sy WOE) _ PE PE PE 5) 
Polat ax ay az) ax dy? oz 


where V is the velocity vector, t is the time, p is the pressure, 
p is the density, is the viscosity coefficient, cp is the specific heat, 
E is the total energy, u, v and w are the velocities of x, y and 
zdirection, 4 is the thermal conductivity coefficient. 


3.2. Calculation method 


Three-dimensional incompressible Navier-Stokes equations 
and standard k—e model are used, and SIMPLEC method is adapted 
to iterate. 


3.3. Boundary condition 


Free inlet boundary condition is considered, and the pressure is 
standard atmospheric pressure. The air-outlet is fan outlet bound- 
ary condition, and Fig. 6 shows the curve between fan pressure 
difference and flow rate: when the pressure difference between 
air-inlet and air-outlet is 125 Pa, the flow rate is 0.0028 m?/s 
(10.8 m?/h); when the pressure difference between air-inlet and 
air-outlet is O Pa, the flow rate is 0.0083 m?/s (29.9 m?/h), the 
battery pack includes two fans. It uses no-slip boundary condition 
as wall surface, and the speed is zero. The heat power of battery 
monomer depends on the specific example. 


3.4. Heat dissipation performance indexes 


Assessing the heat dissipation performance of battery pack 
cooling system has two main indexes: the maximum temperature 
rising and the maximum temperature difference (it defines the 
maximum difference value between battery pack temperature and 
environment temperature as maximum temperature rising, and 
the maximum value of battery pack internal temperature differ- 
ence as maximum temperature difference). If the maximum 
temperature rising is too big, it means the environment tempera- 
ture is relatively poor for battery pack regular work, and the heat 
generated by battery pack could not be effectively taken away 
through the cooling system; if the maximum temperature differ- 
ence is too big, it means the temperature distribution uniformity 
of battery pack is poor, so the purpose of battery pack cooling 
system design is to reduce the maximum temperature rising and 
the maximum temperature difference. 
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Fig. 6. The curve between fan pressure difference and flow rate. 


4. Heat flow field analysis with different structures 


Different structures and air-inlet and air-outlet modes will 
influence the heat dissipation performance of battery pack [97- 
102], many researchers have launched these studies. 

Pesaran [103,104] presented that there are usually two ducts 
for the airflow to pass the battery pack, comparing with the serial 
airflow duct, the parallel airflow duct made the temperature 
uniformity of battery pack much better; Lin [105] pointed out 
two ways to ensure the airflow velocity uniform: regulating speed 
method and regulating pressure method, and given the optimal 
combination with each other; Mahamud [106] designed one 
thermal management system of periodic changing the flow direc- 
tion of medium; J H Liang [107] put some obstacles in the air-inlet 
in order to control the flow rate of air into the different sub ducts; 
Zolot [108] used a parallel airflow scheme in a Toyota Prius hybrid 
electric vehicle, in order to cool the battery; Lou [109] designed a 
cinquefoil battery pack constituted by 5 long modules to enhance 
the heat transfer for batteries. 

This paper studies the heat flow field characteristics of battery 
pack with different structures, including: longitudinal battery 
pack, horizontal battery pack, and changing the position of air- 
inlet and air-outlet. 


4.1. Heat flow field analysis of longitudinal battery pack 


4.1.1. Heat flow field analysis of longitudinal battery pack with no air 
cooling 

When the environment temperature is 20 °C, Fig. 7 shows the 
temperature field distribution of longitudinal battery pack with no 
air cooling; the temperature of whole battery pack is relatively 
high and uniform. Table 3 shows that the maximum temperature 
rising and temperature difference of battery pack reduce along 
with environment temperature increasing, this is because the 
thermal power of battery pack decreasing along with environment 
temperature rising. Among them, the maximum temperature 
rising of battery pack at 40 °C is lower by 28.2% and 12.8% than 
20 °C and 27 °C; the maximum temperature difference of battery 
pack at 40 °C is lower by 28.0% and 12.6% than 20 °C and 27 °C. 
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Fig. 7. When the environment temperature is 20°C, the temperature field 
distribution of longitudinal battery pack with no air cooling. 


Table 3 
The heat flow field data of longitudinal battery pack with no air cooling at different 
environment temperatures. 


Environment temperature (°C) 20 27 40 


Maximum temperature rising (°C) 25.99 21.41 18.66 
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4.1.2. Heat flow field analysis of longitudinal battery pack basing 
on forced air cooling 

The air-inlets are on the opposite position of fans, Fig. 8(a) 
shows that the high temperature area of longitudinal battery pack 
is in the central, and near the air-outlet, while the temperature of 
air-inlets is relatively low, so the temperature field distribution of 
longitudinal battery pack basing on forced air cooling is much 
difference to no air cooling. Airflow is inhaled from the air-inlet 
and heated by battery pack, and then the temperature of airflow 
rises, it eventually leads the airflow cooling capacity to decrease. 
Therefore, the purpose of reasonable airflow duct design should 
improve the airflow cooling capacity, especially near air-outlet, it is 
more important to improve airflow passing ability in order to 
decrease the temperature of airflow, as could be seen from Fig. 8 
(b), the airflow mainly passes the top of battery pack but not 
through both sides, and near air-outlet, the speed of airflow is 
much higher. Table 4 shows the heat flow field data of longitudinal 
battery pack basing on forced air cooling at different environ- 
ment temperatures, the flow rate and the average pressure drop 
between air-inlet and air-outlet both decrease along with envir- 
onment temperature increasing. For the same airflow duct, the 
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Fig. 8. The temperature field and velocity trace of longitudinal battery pack basing 
on forced air cooling at 20 °C. (a) Temperature field. (b) Velocity trace. 


Table 4 
The heat flow field data of longitudinal battery pack basing on forced air cooling at 
different environment temperatures. 


Environment temperature (°C) 20 27 40 

Flow rate (m?/h) 3415 33.50 32.21 
Maximum temperature rising (°C) 16.39 13.58 12.01 
Maximum temperature difference (°C) 12.00 9.90 8.69 


heat power of battery pack reduces along with environment 
temperature increasing, it eventually leads the maximum tem- 
perature rising and temperature difference of battery pack to 
reduce along with environment temperature increasing. Among 
them, the maximum temperature rising of battery pack at 40 °C is 
lower by 26.7% and 11.6% than 20°C and 27 °C; the maximum 
temperature difference of battery pack at 40 °C is lower by 27.6% 
and 12.2% than 20 °C and 27 °C. 


4.2. The comparison of heat flow field between longitudinal battery 
pack and horizontal battery pack 


4.2.1. Heat flow field analysis of Horizontal battery pack basing on 
forced air cooling 

It could improve the heat dissipation capability by shorting the 
airflow path in order to improve airflow passing ability. For 
example, it could change the above longitudinal battery pack into 
a horizontal battery pack, and the air-inlets are also on the 
opposite position of fans. Fig. 9 shows that the high temperature 
area of horizontal battery pack is in the central, and near the air- 
outlet; the low temperature area is on the top of battery pack, and 
near the air-inlet. Combining with velocity trace distribution, it 
could be seen that the airflow along with the top and two sides of 
horizontal battery pack is uniform, then avoiding the problem of 
little airflow passing through two sides of battery pack. As could 
be seen from Table 5, the flow rate and the average pressure drop 
between air-inlet and air-outlet both decrease along with envir- 
onment temperature increasing, and the maximum temperature 
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Fig. 9. The temperature field and velocity trace of horizontal battery pack basing 
on forced air cooling at 20 °C. (a) Temperature field. (b) Velocity trace. 
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Table 5 
The heat flow field data of horizontal battery pack basing on forced air cooling at 
different environment temperatures. 


Environment temperature (°C) 20 27 40 

Flow rate (m?/h) 34.77 34.12 32.80 

Maximum temperature rising (°C) 16.02 13.31 11.83 

Maximum temperature difference (°C) 11.05 9.18 8.19 

Average pressure drop (Pa) 89 87 84 
Table 6 


The comparison of heat flow field characteristics between longitudinal battery pack 
and horizontal battery pack. 


Horizontal 
battery pack 


Longitudinal 
battery pack 


Flow rate (m?/h) 3415 34.77 
Maximum temperature rising (°C) 16.39 16.02 
Maximum temperature difference (°C) 12.00 11.05 
Average pressure drop (Pa) 76 89 


rising and temperature difference of battery pack reduce along 
with environment temperature increasing too. Among them, the 
maximum temperature rising of horizontal battery pack at 40 °C is 
lower by 26.2% and 11.1% than 20°C and 27°C; the maximum 
temperature difference of horizontal battery pack at 40 °C is lower 
by 25.9% and 10.8% than 20 °C and 27 °C. 


4.2.2. The comparison of heat flow field characteristics between 
longitudinal battery pack and horizontal battery pack 

When the environment temperature is 20 °C, Table 6 shows the 
comparison of heat flow field characteristics between longitudinal 
battery pack and horizontal battery pack, comparing with longitudinal 
battery pack, the flow rate and the average pressure drop between air- 
inlet and air-outlet of horizontal battery pack both increase, while the 
maximum temperature rising and temperature difference of horizon- 
tal battery pack both decrease. Among them, the maximum tempera- 
ture rising of horizontal battery pack is lower by 22.6% than 
longitudinal battery pack; the maximum temperature difference of 
horizontal battery pack is lower by 7.9% than longitudinal battery pack. 


4.3. Heat flow field analysis of horizontal battery pack with different 
air-inlet and air-outlet modes 


4.3.1. Adding air-inlets on both sides of battery pack 

Different air-inlet and air-outlet modes of horizontal battery pack 
basing on forced air cooling have different heat dissipation perfor- 
mance, when the environment temperature is 20 °C, Fig. 10 shows that 
the high temperature region of battery pack with air-inlets on both 
sides decreases, and the maximum temperature of battery pack also 
reduces; the airflow distribution is more uniform after adding air- 
inlets on both sides of battery pack, and it will improve the heat 
dissipation performance of airflow, among them, the maximum 
temperature rising and the maximum temperature difference of 
horizontal battery pack with air-inlets on both sides are lower by 
0.8% and 11.8% than the original mode. As could be seen from Table 7, 
while the battery pack adding air-inlets on both sides, the flow rate 
and the average pressure drop between air-inlet and air-outlet both 
decrease along with environment temperature increasing, and the 
maximum temperature rising and temperature difference of battery 
pack reduce along with environment temperature increasing too, 
among them, the maximum temperature rising of battery pack at 
40 °C is lower by 26.9% and 11.9% than 20 °C and 27 °C; the maximum 
temperature difference of battery pack at 40 °C is lower by 26.8% and 
11.9% than 20 °C and 27 °C. 
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Fig. 10. Adding air-inlets on both sides of battery pack, the temperature field and 
velocity trace of horizontal battery pack at 20°C. (a) Temperature field. 
(b) Velocity trace. 


Table 7 
Adding air-inlets on both sides of battery pack, the heat flow field data of horizontal 
battery pack at different environment temperatures. 


Environment temperature (°C) 20 27 40 
Flow rate (m?/h) 34.65 34.00 32.68 
Maximum temperature rising (°C) 15.89 13.18 11.61 
Maximum temperature difference (°C) 9.75 8.09 7.13 
Average pressure drop (Pa) 78 76 73 


4.3.2. Moving fans upwards 

When the environment temperature is 20 °C, Fig. 11 shows the 
temperature field and velocity trace of horizontal battery pack 
with moving fans upwards, it could be seen that the airflow passes 
through the top and both sides of battery pack; the flow rate 
below fans is very low, so it would reduce the airflow cooling 
capacity. Table 8 shows that the flow rate and the average pressure 
drop between air-inlet and air-outlet both decrease along with 
environment temperature increasing, and the maximum tempera- 
ture rising and temperature difference of battery pack also reduce. 


4.3.3. Adding horizontal air-inlets on the top of battery pack 

When the environment temperature is 20 °C, Fig. 12 shows the 
temperature field and velocity trace of horizontal battery pack 
with horizontal air-inlets on the top of battery pack, it could be 
seen that the airflow mainly passes the top of battery pack but not 
through both sides, the airflow inhaled from horizontal air-inlets 
on the top of battery pack passes through fans quickly, which 
reduces the temperature near the fans. Table 9 shows that the flow 


X.M. Xu, R. He / Renewable and Sustainable Energy Reviews 29 (2014) 301-315 309 


310.79 
309.03 
307.26 
305.50 
303.73 
301.97 
300.21 
298.44 
296.68 
294.91 
293.15 


Temperature (k) 


10.03 
9.03 
8.02 
7.02 
6.02 
5.01 
4.01 
3.01 
2.01 
1.00 
0.00 


Velocity (m/s) 


b 


Fig. 11. Moving fans upwards, the temperature field and velocity trace of hor- 
izontal battery pack at 20 °C. (a) Temperature field. (b) Velocity trace. 


Table 8 
Moving fans upwards, the heat flow field data of horizontal battery pack at 
different environment temperatures. 


Environment temperature (°C) 20 27 40 
Flow rate (m?/h) 34.48 34.06 32.54 
Maximum temperature rising (°C) 17.64 14.60 12.89 
Maximum temperature difference (°C) 11.80 9.79 8.61 
Average pressure drop (Pa) 70 69 67 


rate and the average pressure drop between air-inlet and air-outlet 
both decrease along with environment temperature increasing, 
and the maximum temperature rising and temperature difference 
of battery pack also reduce. 


4.3.4. Adding longitudinal air-inlets on the top of battery pack 

Changing the horizontal air-inlet into longitudinal air-inlet, 
Fig. 13 shows the temperature field and velocity trace of horizontal 
battery pack with longitudinal air-inlets on the top of battery pack, 
and they are similar to horizontal air-inlet. Table 10 shows that the 
flow rate and the average pressure drop between air-inlet and air- 
outlet both decrease along with environment temperature 
increasing, and the maximum temperature rising and temperature 
difference of battery pack also reduce. 


4.3.5. The comparison of heat flow field characteristics among 
different air-inlet and air-outlet modes of horizontal battery 
pack basing on forced air cooling 

When the environment temperature is 20 °C, Table 11 shows 
the comparison of heat flow field characteristics among different 
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Fig. 12. Adding horizontal air-inlets on the top of battery pack, the temperature 
field and velocity trace of horizontal battery pack at 20 °C. (a) Temperature field. 
(b) Velocity trace. 


Table 9 
Adding horizontal air-inlets on the top of battery pack, the heat flow field data of 
horizontal battery pack at different environment temperatures. 


Environment temperature (°C) 20 27 40 
Flow rate (m?/h) 34.85 34.18 32.86 
Maximum temperature rising (°C) 17.50 14.46 12.70 
Maximum temperature difference (°C) 13.23 10.91 9.55 
Average pressure drop (Pa) 85 84 81 


air-inlet and air-outlet modes of horizontal battery pack basing on 
forced air cooling, the maximum temperature rising and tempera- 
ture difference of battery pack with air-inlets on both sides are 
maximum, and the mode with moving fans upwards is minimum. 
Among them, the maximum temperature rising of battery pack 
with air-inlets on both sides is lower by 9.9%, 9.2% and 8.9% than 
the mode with moving fans upwards, the mode with horizontal 
air-inlets on the top and the mode with longitudinal air-inlets on 
the top; the maximum temperature difference of battery pack 
with air-inlets on both sides is lower by 17.4%, 26.3% and 25.6% 
than the mode with moving fans upwards, the mode with 
horizontal air-inlets on the top and the mode with longitudinal 
air-inlets on the top. The flow rate and the average pressure drop 
between air-inlet and air-outlet of horizontal air-inlets and long- 
itudinal air-inlets are same, and their flow rate is higher by 0.2 m?/h 
and 0.37 m?/h than the mode with air-inlets on both sides and the 
mode with moving fans upwards, their average pressure drop 
between air-inlet and air-outlet is higher by 7 Pa and 15 Pa than 
the mode with air-inlets on both sides and the mode with moving 
fans upwards, so the maximum temperature rising and tempera- 
ture difference of battery pack are not only relevant to the flow 
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rate, but also related to the airflow duct structure, selecting battery 
pack with air-inlets on both sides is more conducive to the forced 
air cooling. 


5. Heat flow field analysis with different operation conditions 


Different operation conditions will influence the heat flow field 
characteristics of battery pack [110-117] too, batteries may work in 
some cases as follows: high temperature [118-121], low tempera- 
ture [118-121], over-charge [122], over-discharge [122], high rate 
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Fig. 13. Adding longitudinal air-inlets on the top of battery pack, the temperature 
field and velocity trace of horizontal battery pack at 20 °C. (a) Temperature field. 
(b) Velocity trace. 


Table 10 
Adding longitudinal air-inlets on the top of battery pack, the heat flow field data of 
horizontal battery pack at different environment temperatures. 


Environment temperature (°C) 20 27 40 

Flow rate (m?/h) 34.85 34.18 32.86 

Maximum temperature rising (°C) 17.45 14.43 12.62 

Maximum temperature difference (°C) 13.31 10.99 9.59 
Table 11 


charge and discharge [122]. So it is necessary to carry out the 
study of heat flow field characteristics of battery pack with 
different operation conditions. 

Pesaran [123] analyzed the effects of ambient temperature 
ranges on the battery packs; Hallaj [124] analyzed the effects of 
high temperature on a lithium-ion battery through both theore- 
tical (thermal modeling) and experimental analysis; Cosley [125] 
compared different methods of keeping the VLRA (valve-regulated 
lead-acid battery) temperatures within desired ranges through air 
conditioning; Ramadass [126] did a capacity fade analysis for 
lithium-ion battery and elucidated that 31% SOC and 36% SOC of 
the initial capacity were lost after 800 charge and discharge cycles 
which were operated at 25 °C and 45 °C; Li [127] also pointed out 
that the cycle life of lithium-ion battery is 3323 cycles at 45 °C, but 
1037 cycles at 60 °C; Hong [128] indicated that the entropy change 
could contribute more than 50% of the total heat generated at the 
1C discharge rate; Sato [129] reported the thermal behavior of 
lithium-ion batteries for EV through thermodynamic analyses, and 
examined the heat absorption and generation processes at differ- 
ent charging and discharging rates. 

This part selects the battery pack with air-inlets on both sides as 
the research object, and studies the heat flow field characteristics 
of battery pack with different operation conditions, including: SOC 
state, charge and discharge rate, and practical operation condition. 


5.1. Heat flow field analysis at different SOC states 


5.1.1. The thermal power of 55 A h lithium-ion battery at different 
SOC states 

When the environment temperature is 20 °C, and the charge and 
discharge rate is 1 C, Fig. 14 shows the average temperature curve of 
55 Ah lithium-ion battery monomer at 70% SOC state, Table 12 
shows the thermal power of 55 A h lithium-ion battery monomer at 
different SOC states. The average thermal power of 55 A h lithium- 
ion battery monomer is 6.25 W at 70% SOC state, 6.87 W at 80% SOC 
state, 7.19 W at 90% SOC state, and 6.51 W at 100% SOC state, it is 
obvious that the average thermal power of 55 Ah lithium-ion 
battery monomer increasing along with SOC state rising. 


5.1.2. Heat flow field analysis at 70% SOC state 

Fig. 15 shows the temperature field and velocity trace of battery 
pack with air-inlets on both sides at 70% SOC state, comparing 
with 100% SOC state, the temperature field distribution and 
velocity trace are basically the same except the numerical value. 
As could be seen from Table 13, the maximum temperature rising 
and temperature difference of battery pack are 15.28°C and 
9.38 °C. 


5.1.3. The comparison of heat flow field characteristics at different 
SOC states 

Table 14 shows the heat flow field characteristics comparison of 
battery pack with air-inlets on both sides at different SOC states, as 
could be seen that the flow rate of battery pack at 70% SOC state is 
maximum; the maximum temperature rising and temperature 
difference of battery pack at 70% SOC state is minimum, and 90% 


The comparison of heat flow field characteristics among different air-inlet and air-outlet modes of horizontal battery pack basing on forced air cooling. 


Air-inlets 
on both sides 


Flow rate (m?/h) 34.65 
Maximum temperature rising (°C) 15.89 
Maximum temperature difference (°C) 9.75 


Moving fans 
upwards 


Horizontal air-inlets Longitudinal air-inlets 


on the top on the top 
34.48 34.85 34.85 
17.64 17.50 17.45 
11.80 13.23 13.11 
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Fig. 14. The average temperature curve of 55 Ah lithium-ion battery monomer at 
70% SOC state. (a) Charge processing. (b) Discharge processing. 


Table 12 
On charge and discharge processing, the thermal power of 55 Ah lithium-ion 
battery monomer at different SOC states (W). 


SOC Average thermal Average thermal Average thermal 
state power on charge power on discharge power on charge and 
(%) processing processing discharge processing 
70 6.60 5.90 6.25 

80 6.86 6.88 6.87 

90 711 7.27 719 


100 5.42 7.60 6.51 


SOC state is maximum; the maximum temperature rising and 
temperature difference of battery pack at 100% SOC state is 
between 70% and 80% SOC state. 


5.2. Heat flow field analysis at different charge and discharge rates 


5.2.1. The thermal power of 55 A h lithium-ion battery monomer at 
different charge and discharge rates 

When the environment temperature is 20 °C, and the SOC state 
is 100%, Fig. 16 shows the average temperature curve of 55 Ah 
lithium-ion battery monomer at 0.5 C charge and discharge rate, 
Table 15 shows the thermal power of 55 Ah lithium-ion battery 
monomer at different charge and discharge rates. The average 
thermal power of 55 A h lithium-ion battery monomer is 2.31 W at 
0.5 C, 3.42 W at 0.6C, 5.00 W at 0.8 C, 6.51 W at 1C, 8.44W at 
1.2 C, 12.83 W at 1.5 C, and 19.17 W at 2C, it is obvious that the 
average thermal power of 55 Ah lithium-ion battery monomer 
increasing along with charge and discharge rate rising. 


5.2.2. Heat flow field analysis at 0.5 C charge and discharge rate 
Fig. 17 shows the temperature field and velocity trace of battery 
pack with air-inlets on both sides at 0.5 C charge and discharge 
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Fig. 15. The temperature field and velocity trace of battery pack with air-inlets on 
both sides at 70% SOC state (a) Temperature field. (b) Velocity trace. 


Table 13 
The data of heat flow field with air-inlets on both sides at 
70% SOC state. 


Parameter Date 
Flow rate (m?/h) 34.68 
Maximum temperature rising (°C) 15.28 
Maximum temperature difference (°C) 9.38 
Average pressure drop (Pa) 78 


Table 14 
The heat flow field characteristics comparison of battery pack with air-inlets on 
both sides at different SOC states. 


SOC Flow rate Maximum Maximum Average 

state (mĉ/h) temperature rising temperature pressure drop 
(%) (°C) difference (°C) (Pa) 

70 34.68 15.28 9.38 78 

80 34.59 16.82 10.32 78 

90 34.56 17.59 10.79 77 

100 34.65 15.89 9.75 78 


rate, comparing with 1 C charge and discharge rate, the tempera- 
ture field distribution and velocity trace are basically the same 
except the numerical value. As could be seen from Table 16, the 
maximum temperature rising and temperature difference of 
battery pack are 5.64 °C and 3.45 °C. 
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Fig. 16. The average temperature curve of 55 A h lithium-ion battery monomer at 
0.5 C charge and discharge rate. (a) Charge processing. (b) Discharge processing. 


Table 15 
The thermal power of 55 A h lithium-ion battery monomer at different charge and 
discharge rates (W). 


Charge and Average Average thermal Average thermal 
discharge rate (C) thermal power on power on power on charge 
charge processing discharge and discharge 
processing processing 
0.5 2.06 2.55 2.31 
0.6 2.95 3.89 3.42 
0.8 4.31 5.69 5.00 
1 5.42 7.60 6.51 
12 6.62 10.25 8.44 
15 10.06 15.60 12.83 
2 14.44 23.89 19.17 


5.2.3. The comparison of heat flow field characteristics at different 
charge and discharge rates 

Table 17 shows the heat flow field characteristics comparison of 
battery pack with air-inlets on both sides at different charge and 
discharge rates, as could be seen that the flow rate and the average 
pressure drop between air-inlet & air-outlet both decrease along 
with charge and discharge rate increasing, while the maximum 
temperature rising and temperature difference of battery pack 
increase. Among them, the maximum temperature rising of battery 
pack at 0.5 C charge and discharge rate is lower by 32.3%, 53.8%, 
64.5%, 72.7%, 82.2% and 88.2% than 0.6 C, 0.8 C, 1 C, 1.2 C, 1.5 C and 
2C; the maximum temperature difference of battery pack at 
0.5 charge and discharge rate is lower by 32.5%, 53.9%, 64.6%, 
72.8%, 82.2% and 88.2% than 0.6 C, 0.8 C, 1 C, 1.2 C, 1.5 C and 2 C. 


5.3. Heat dissipation performance analysis with practical 
operation condition 


This part selects the battery pack with air-inlets on both sides 
as the research object, Fig. 18 shows the curve of electric current 
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Fig. 17. The temperature field and velocity trace of battery pack with air-inlets on 
both sides at 0.5 C charge and discharge rate. (a) Temperature field. (b) Velocity trace. 


Table 16 
The data of heat flow field with air-inlets on both sides at 
0.5 C charge and discharge rate. 


Parameter Date 
Flow rate (m?/h) 35.24 
Maximum temperature rising (°C) 5.64 
Maximum temperature difference (°C) 3.45 
Average pressure drop (Pa) 79 


Table 17 
The heat flow field characteristics comparison of battery pack with air-inlets on 
both sides at different charge and discharge rates. 


Charge and Flow Maximum Maximum Average 
discharge rate rate temperature temperature pressure 
(C) (m3/h) rising (°C) difference (°C) drop (Pa) 
0.5 35.24 5.64 3.45 79 

0.6 35.06 8.33 511 79 

0.8 34.85 12.20 7.48 78 

1 34.65 15.89 9.75 78 

1.2 34.38 20.69 12.70 77 

15 33.80 31.72 19.42 75 


following the battery pack work (battery pack work time is 
3000 s), as considering the practical operation condition of battery 
pack is very complicated, it is separately statistics for charge and 
discharge processing. As could be seen from Table 18, basing on 
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Fig. 18. The curve of electric current following the battery pack work. 


Table 18 
Practical operation condition of battery pack. 
Charge processing Discharge processing 


Average electric current (A) 56.05 87.88 


Time (S) 513 2487 
Charge and discharge rate (C) 0.51 0.80 


Average heat power (W) 2.06 5.69 
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Fig. 19. The curves of temperature rising and inner temperature difference 
following the battery pack practical work. 


the practical operation of battery pack, the average charge rate is 
0.51 C, and the average heat power of battery monomer is 2.06 W; 
the average discharge rate is 0.80 C, and the average heat power of 
battery monomer is 5.69 W. 

Fig. 19 shows the curves of temperature rising and inner 
temperature difference following the battery pack practical work, 
it could be seen that the maximum temperature rising of battery 
pack is 761°C, and the maximum temperature difference of 
battery pack is 4.29°C. Comparing with steady state condition, 
the charge and discharge rate is between 0.5 C and 0.8 C, and the 
maximum temperature rising and maximum temperature differ- 
ence of battery pack rise sharply changing from charge processing 
into discharge processing, at the end time of discharge processing, 
those values reach the maximum. 


6. Conclusions 
Through the above research, the conclusions are as follows: 


(1) The thermal power of battery monomer on charge and 
discharge processing is the reference for the heat source 
setting on the simulation calculation of battery pack, this 
study shows that: the average thermal power of 55Ah 
lithium-ion battery decreases along with environment 


temperature rising, SOC state decreasing and charge and 
discharge rate falling; 

(2) changing the longitudinal battery pack into the horizontal 
battery pack, it could improve the heat dissipation capability 
by shorting the airflow path; 

(3) comparing of heat flow field characteristics among different 

air-inlet and air-outlet modes of horizontal battery pack basing 

on forced air cooling, the result shows that: the maximum 
temperature rising and temperature difference of battery pack 
are not only relevant to the flow rate, but also related to the 
airflow duct structure, selecting battery pack with air-inlets on 
both sides is more conducive to the forced air cooling; 

comparison of heat flow field characteristics at different SOC 
states, the flow rate of battery pack at 70% SOC state is 
maximum; the maximum temperature rising and temperature 
difference of battery pack at 70% SOC state are minimum, and 
that of 90% SOC state are maximum; the maximum tempera- 

ture rising and temperature difference of battery pack at 100% 

SOC state are between 70% and 80% SOC state; 

(5) comparison of heat flow field characteristics at different 
charge and discharge rates, the flow rate and the average 
pressure drop between air-inlet and air-outlet both decrease 
along with charge and discharge rate increasing, while the 
maximum temperature rising and temperature difference of 
battery pack increase; 

(6) considering the practical operation condition of battery pack is 
very complicated, it is separately statistics for the average heat 
power of battery monomer, on charge and discharge proces- 
sing, the average heat power of battery monomer are 2.06 W 
and 5.69 W, and the maximum temperature rising and max- 
imum temperature difference of battery pack are 7.61 °C and 
4.29 °C. 
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